Spectrally-tunable quantum-light sources are key elements for the realization of long-distance quantum communication. A deterministically fabricated single-photon source with a photonextraction efficiency of = (20 ± 2) % and a tuning range of Δ = 2.5 meV is presented here.
semiconductor devices based on quantum dots (QDs). [4] [5] [6] [7] [8] [9] Beyond that, implementations of long-distance quantum key distribution require Bell-state measurements in quantum repeaters [10, 11] to transfer quantum states between different nodes of a communication network.
Such schemes rely on entanglement swapping which can be implemented with indistinguishable pairs of entangled photons generated by remote sources. [12] Thus, to enable large scale quantum repeater networks, sources emitting at the same energy, on the order of the homogeneous linewidth of the emitters, are required in each quantum node.
Semiconductor QDs are promising candidates, as they emit single photons with indistinguishability exceeding 95 % [9, 13, 14] and polarization-entangled photon pairs with close to ideal fidelity. [15] [16] [17] However, the self-assembled Stranski-Krastanov growth mode, which is typically used to achieve high-quality QDs, leads to randomly distributed emitters with varying shape and size, resulting in an emission band with inhomogeneous broadening of typically 10-50 meV. With respect to the requirement of realizing spectrally matched single-photon sources, deterministic in-situ processing techniques [18, 19] allow one to pre-select emitters within this emission band with an accuracy of about 1 meV. Thus, an additional spectral fine-tuning knob is required to achieve spectral resonance of multiple single-photon sources within the QD's homogeneous linewidth of about 1 µeV to enable entanglement swapping in quantum repeater networks. Moreover, the precise tunability of single-photon sources is also beneficial for the coupling of single-photon emitters to other key components of advanced quantum networks, namely quantum memories, realized e.g. by atomic vapors, [20] trapped atoms [21] or solid state quantum memories. [22] Various methods have been applied to achieve spectral control of the QD emission characteristics, often accompanied with drawbacks: Temperature tuning, [23] for instance, suffers from increased phonon-contributions finally limiting the photon indistinguishability already above 10-15 K. [14, 24, 25] Electric fields can be applied to influence the QD emission via the quantum-confined Stark effect. [26, 27] This scheme, however, requires complex doping and contact schemes which can degrade the optical performance of the device. Strain-tuning proved to be an excellent alternative, which can be implemented by integration of the emitter onto a piezoelectric material such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT). [28, 29] In addition to the spectral-tunability, strain-tuning can be used to control the exciton binding energies and the fine structure splitting of QD states, which enables the generation of polarization-entangled photon pairs. [30] In view of applications of quantum-light sources in secure quantum communication scenarios, high photon-extraction and collection efficiencies are desirable to achieve high data transmission rates. So far, only few attempts have been made to increase the efficiency of straintunable single-photon sources. For example, using strain-tunable nanowire antennas, an extraction efficiency of 57 % into a numerical aperture of 0.8 has been achieved. [31] In this work, we present a bright spectrally-tunable single-photon source based on a deterministically fabricated QD microlens combined with a piezoelectric actuator by a flip-chip goldbonding technique. The applied 3D in-situ electron-beam lithography (EBL) technique has the important advantages that suitable QDs can be pre-selected by their emission energy with an accuracy of 0.25 meV before they are integrated into photonic nanostructures with an overall alignment accuracy of about 30-40 nm [32] to achieve a broadband enhancement of the photonextraction efficiency.
Device design and fabrication
The fabrication of our device involves three processing steps: It starts with the growth of a semiconductor heterostructure by metal-organic chemical vapor deposition. Subsequently, a flip-chip thermocompression goldbonding process is applied, which results in a thin GaAs compared to the more commonly used PMN-PT with = 90 °C and = 2.5 kV cm −1 . [33] Next, the QD sample is placed upside-down onto the piezoelectric actuator with the two gold layers facing each other (cf. Figure 1(a) ). A pressure of 6 MPa at a temperature of approximately 600 K is applied for 4 hours to achieve a strong cohesion of the gold layers. As a next step, the upper GaAs substrate is removed by a stirred solution of hydrogen peroxide and ammonium hydroxide until the etching stops at the Al0.97Ga0.03As layer. The latter is removed by hydrochloric acid such that a semiconductor membrane with a thickness of 570 nm remains on top of the gold layer.
To enhance the photon-extraction efficiency and to pre-select QDs with a specific emission energy, 3D in-situ EBL at 10 K is applied. This method allows us to choose QDs with a target emission energy and high emission intensity within a scanned area of the sample by their cathodoluminescence characteristics. meV spectral accuracy. A microlens is written into the resist on top of it, which is afterwards developed such that the structure can be transferred into the GaAs top layer by reactive-ionenhanced plasma etching. For more details on the 3D in-situ EBL process we refer to Ref. [34] .
The final device is shown in Figure 1 (c). The device and lens geometry was optimized beforehand using the commercially available software-package JCMsuite by the company JCMwave, which is based on a finite-element method. The optimum lens geometry is identified as a spherical segment with a height of 370 nm and a radius of 1264 nm.
Micro-photoluminescence characterization
The optical properties of the final device are investigated by means of microphotoluminescence spectroscopy at a temperature of 10 K with a spectral accuracy of 27 µeV. 
Tunability of the single-photon emission
To demonstrate the spectral tunability of QD emission, an electric field of -20 to +20 kV To further analyze the effects of the external strain we compare our measurements to results obtained by theoretical modeling of the microlens device. The strain is modulated by adjusting the lattice constant 0 of the lowest GaAs layer above the gold mirror to ̃= 0 − ⋅ 0 , and the strain distribution inside the full GaAs device is calculated using continuum elasticity. One has to distinguish between the permanent strain caused by the inherent lattice mismatch between the GaAs substrate and the InGaAs QD, and the effects of the external strain caused by the piezo-tuning. Moreover, a hydrostatic strain component can be identified in contrast to a biaxial strain component, which describes a contrary impact in the lateral directions than in the vertical. Figure 4 shows the calculation results for the permanent strain without external influence ((a1) and (b1)) as well as the additional strain effects induced by an applied external compressive as well as tensile strain ((a2) and (b2)). The distribution across the lens structure is almost uniform, only a slight relaxation effect is visible for the hydrostatic strain component as compared to the planar area around the lens. Additional strain may affect the energies of the localized electronic states via (i) deformation potentials, thus, changing the local band position, (ii) the alteration of the quantization energies, and (iii) the change in electron-hole Coulomb interaction. Careful analysis using eight-band kp theory together with the configuration interaction method, [35] however, revealed that effect (i) constitutes the governing contribution, whereas (ii) and (iii) are only minor contributions, which are neglected in the following discussion. The achieved tuning of Δ = 2.5 meV corresponds to a change in the lattice constant of = ±1.2 ⋅ 10 −3 for compressive (+) and tensile (-) strain.
At the position of the QD the resulting sum of the relative hydrostatic and biaxial strain components in all three directions are calculated separately to ∆ ℎ ( ) = ±8.1 ⋅ 10 −4 and ∆ ( ) = ±4.65 ⋅ 10 −3 , where the hydrostatic strain is responsible for band-shifts and the biaxial strain for the heavy-hole light-hole splitting. [36] The sum of both effects is driving the change in the luminescence energy. Combined with the deformation potentials in In0.7Ga0.3As, Besides the tunability of the emission energy, Figure 3 (a) also reveals a change in the emission intensity with the applied electric field, which we further investigated by measuring the extraction efficiencies in pulsed excitation. As can be found in Figure 3(b) , the highest efficiency is achieved at an applied field of = 12 kV cm −1 with ( − , ) = (20 ± 2) %. The efficiency decreases down to ( − , ) = (6 ± 1) % at the lowest field value = −20 kV cm -1 . Additionally, we investigated the second-order photon autocorrelation function for different detunings. The suppression of multi-photon emission events (2) ( = 0)
remains constant and below 0.05 over a wide tuning range and increases at high negative electric fields to (2) (0) = 0.10 ± 0.03 at = −15 kV cm -1 . Here, the increased (2) (0) value at negative fields is attributed to enhanced uncorrelated background emission due to smaller signal to noise ratio which is not considered in the evaluation of the (2) (0) data. The strain influence on the extraction efficiency could be connected to electric fields caused by charge states on the surface of the microlens. They create a field distribution around the QD which depends on the external strain. Previous studies showed that the processing of microstructures by in-situ EBL gives a lateral positioning accuracy of 34 nm. [32] Such a deviation from the center could be sufficient for the QD to be influenced by the mentioned strain-induced electric field distribution, leading to a slight separation of the electron and hole wavefunction, which in return can reduce the emission rate as we observe in the experiment. A more detailed description would require a detailed knowledge of the QD position in the microlens which is beyond the scope of the present work. In our case, the strain-dependent change of the emission characteristics does not harm the usability of the tunable source, as the available tuning range is much larger than the required one: Due to the spectral accuracy (± 0.25 meV) of the deterministic processing technique described above, a strain-tuning range of Δ = 0.5 meV is sufficient to achieve any desired emission energy within the inhomogeneously broadened emission band of the QD emitters on the sample. Thus, for future applications we can limit the tuning to field values where high extraction efficiencies and a low probability for multiphoton emission events are provided.
A critical aspect when using piezoelectric actuators is the creep behavior of the induced strain in time, which was previously observed to follow a logarithmic function. [37] A time-dependent measurement of the emission energy of the strain-tunable QD-microlens device is presented in is on the order of the homogeneous linewidth of InGaAs QDs, which will facilitate quantum interference experiments and Bell-state measurements between remote emitters. To further improve the long-term stability for such experiments and future applications, it is desirable to implement an active feedback loop with PID control.
Conclusion
In conclusion, we presented a spectrally-tunable single-photon source with a maximum efficiency of = (20 ± 2) % and a tuning range of Δ = 2.5 meV. The emission energy of our device is pre-selected by using in-situ EBL applied to a planar sample bonded onto a piezoelectric actuator via flip-chip thermocompression goldbonding. The tuning can serve to adjust the emission to meet the exact transition energy required e.g. for entanglement distribution in multi-node quantum networks or for the interfacing of QD based single-photon sources with atomic quantum memories. In future steps, tunable QD microlenses can be equipped with electrical contacts [38] and their emission can be collected with optical fibers, [39] to create a tunable plug-and-play single-photon source as a versatile device for quantum communication applications.
Experimental Section
In-situ electron beam lithography:
With the in-situ electron beam lithography step, QDs are chosen by their cathodoluminescence signal and integrated into microlens structures. The samples are prepared by spin-coating with the electron-beam resist AR-P 6200 (CSAR 62) and mounted onto the cold finger of a He-flow cryostat of a customized scanning electron microscope for low-temperature operation at 10 K.
The reaction of the resist during development depends on the applied electron dose during exposure. [40] This resist has a positive-tone regime at low electron doses, which is used to scan small areas of the sample. The luminescence signal is focused onto a spectrometer and detected with a Si charge-coupled device camera. Based on that data, QDs are chosen and microstructures are written into the resist above them with a higher electron dose. Above a certain threshold value, the resist changes to the negative tone regime, such that the structures remain after development. The transition range to that regime is used to create quasi-3D
designs. Finally, dry etching is performed by inductively coupled-plasma reactive-ion etching.
Micro-photoluminescence measurements:
The sample is mounted in a helium-flow cryostat and cooled down to 10 K. It is optically excited using a Titan-Sapphire laser that can be operated in quasi-continuous wave (cw) or pulsed ( = 80 MHz) mode. The photoluminescence is collected using a microscope objective with an NA of 0.4 and spectrally dispersed by a grating monochromator, before it is detected using a Si charge-coupled device camera. The setup is also equipped with a fiber-coupled Hanbury-Brown and Twiss setup using single-photon counting modules based on Si avalanche photo diodes. To evaluate the extraction efficiency into the first lens of our experimental setup, the transmission of the complete setup was measured to be = (1.1 ± 0.1) % following the procedure described in Ref. [7] . Using a laser with repetition rate a detected count-rate corresponds to a photon-extraction efficiency of = * .
